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Using a basic Mach-Zehnder interferometer, we demonstrate experimentally the measurement of 
the photonic de Broglie wavelength of an entangled photon pair (a biphoton) generated by sponta- 
neous parametric down-conversion. The observed interference manifests the concept of the photonic 
de Broglie wavelength. The result also provides a proof-of-principle of the quantum lithography 
that utilizes the reduced interferometric wavelength. 



The nature of entanglement or quantum correlation 
between two or more particles has attracted great in- 
terest and produced many applications in quantum in- 
formation processing 13], such as quantum computation 
0, quantum cryptography J3|, and quantum teleporta- 
tion Q 0]. Especially, a number of novel experiments 
have used parametric down-converted photons because 
they produce a superior environment for the realization 
of ideas concerning quantum entanglement. In addi- 
tion to such applications to quantum informatics, the 
genuine quantum optical properties of parametric down- 
converted photons are also very attractive. Jacobson et 
al. ^ proposed the concept of the "photonic de Broglie 
wavelength" in multiphoton states. They argued that the 
photonic de Broglie wavelength of an ensemble of pho- 
tons with wavelength A and number of photons N can 
be measured to be X/N using a special interferometer 
with "effective beam splitters" that do not split the mul- 
tiphoton states into constituent photons. Following this 
concept, Fonseca et al. [Q used a kind of Young's dou- 
ble slit interferometer to measure the photonic de Broglie 
wavelength of entangled photon pairs ( "biphotons" ) gen- 
erated by parametric down-conversion. In the concept 
of photonic de Broglie wavelength, the interference and 
diffraction properties of multiphoton states are governed 
by their reduced wavelength. Based on this idea, Boto et 
al. Q proposed the principle of "quantum lithography" , 
utilizing the reduced interferometric wavelength of non- 
classical N photon states for optical imaging beyond the 
classical diffraction limit. Recently, a proof-of-principle 
experiment in quantum lithography was demonstrated by 
D'Angelo et al. utilizing parametric down-converted 
biphotons. In this letter, we propose and demonstrate 
the measurement of the photonic de Broglie wavelength 
for N=2 state in a very simple and straightforward man- 
ner, utilizing biphotons generated by parametric down- 
conversion and a basic Mach-Zehnder (M-Z) interferom- 
eter. We show that not only the "wavelength" but also 
the coherence length of the biphoton arc different from 
those of a single photon. We also discuss the nature of 
biphoton interference, which is essentially governed by 
the quantum correlation between two constituent pho- 
tons. 

The schematic view of the apparatus used in our exper- 
iment is shown in Fig. Ill Pairs of photons were generated 




FIG. 1: Schematic experimental setup of the biphoton in- 
terference. KN: KNb03 crystal, BS1~3: beam splitters, IF: 
interference filters, APD: avalanche photodiodes. 



by spontaneous parametric down-conversion (SPDC) in 
a 5-mm-long KNbC>3 (KN) crystal, the temperature of 
which is controlled and stabilized to within 0.01°C. The 
pump source of the SPDC was the second harmonic light 
of a single longitudinal mode Tksapphirc laser operating 
at A =861.6 nm (linewidth Aj/ ~ 40 MHz). We selected 
correlated photon pairs traveling along two paths (P0 and 
PI) by two symmetrically placed pinholes. The central 
wavelength of the photon pair was tuned to degenerate 
at 861.6 nm by controlling the KN temperature. Figure^ 
shows the emission spectrum of SPDC after the pinhole, 
together with the transmission spectrum of the interfer- 
ence filters used for the measurement (see below). The 
M-Z interferometer was composed of two 50/50% beam 
splitters (BS1 and BS2). A biphoton was generated at 
either one (P2 or P3) of the interferometer arms when a 
pair of down-converted photons simultaneously entered 
at both input ports of a beam splitter (BS1), as a result 
of Hong-Ou-Mandel (HOM) interference By observ- 
ing the HOM interference, ALi was adjusted so that the 
coincidence rate detected at both output ports (P2 and 
P3) of BS1 was minimized (See Fig. ||). Thus we can 
prepare the entangled biphoton state 

-^(|2) P2 |0)P3 + |0)P 2 |2) P3 ) (1) 

in the M-Z interferometer, where \N)i denotes iV pho- 
tons travel along the arm i. The path- length difference 
(AL2) between the two arms of the M-Z interferometer 
was controlled by a piezoelectric positioner, which was 
capable of controlling AL2 with nanometer resolution. 
The two paths were combined at the output beam split- 
ter (BS2), and the biphoton interference was measured 
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FIG. 2: Solid curve: spectrum of the signal light generated 
by spontaneous parametric down-conversion; Dashed curve: 
transmission spectrum of the interference filter (IF in Fig. [j]) 
placed in front of the detectors used for the interference mea- 
surements. 



at one of the output ports (P5) of BS2. The biphoton 
interference pattern was recorded by a two-photon detec- 
tor, consisting of a 50/50% beam splitter (BS3) and two 
avalanche photodiodes (APD) followed by a coincidence 
counter. We put an interference filter (IF: center wave- 
length A c = 860 nm, bandwidth AA = 10 nm; See Fig. ||) 
in front of each APD to eliminate undesired background 
light. In general, the interferometer was designed to mea- 
sure the photonic de Broglie wavelength of the biphoton 
without using any special "effective beam splitters" . For 
comparison, we also measured the usual single-photon in- 
terference by using a single detector and blocking one of 
the input ports. 

It is worth discussing the interference patterns we 
expected to obtain in our experiment. For simplicity, 
we consider only degenerate single- frequency photons. 
The single-frequency treatment is adequate for predict- 
ing most distinct properties of interference patterns for 
both one-photon and two-photon detection, although it 
will be necessary to consider multi-frequency treatment 
in order to discuss more-detailed phenomena such as the 
coherence length of the interference. The one- and two- 
photon counting rates (R5 and -R55, respectively) at an 
output port P5 of the interferometer are described by 

#5(1^0,^1)) = (-00, ipi\ala 5 \il} ,ipi), (2) 

#55(100, 0l)) = ("00, V , ll44«5a5|^O,'0l), (3) 

where and S5 are photon creation and annihilation 
operators at the output port P5, 0o and 0i denote the 
quantum states of light at the two input ports P0 and PI, 
respectively. Also, the coincidence counting rate (R45) 
detected at both output ports of the interferometer is 



#45(100,01)) = (00, 01 1 a\a\ a 5 a,4, \ 0o, 01 )■ 



(4) 



where a\ and 04 are photon creation and annihilation 
operators, respectively, at the output port P4. The pho- 
ton operators at the output ports are connected to those 



of the input ports through the scattering matrices of the 
beam splitters and the optical path- length difference [O : 
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(5) 



and their Hermitian conjugates, where 02 and 03 are 
phase retardations along the interferometer arms P2 and 
P3, respectively. Here, we assume the M-Z interferome- 
ter consists of lossless 50/50% beam splitters. Using (||), 
we can calculate the counting rates (||)-(§|) for arbitrary 
input states of light. The resultant two-photon interfer- 
ence patterns for the case of |0o, 0i)=|l, 1), i- e -, where 
both inputs are 7V=1 Fock states, are 



#55(|1,1)) 
#4 5 (|1, 1» 



(1 - cos 2</>), 
(1 + cos 20), 



(6) 
(7) 



where = 02 — 03 = 2irAL2/\ is the optical phase dif- 
ference between the two arms, AL2 the path-length dif- 
ference, and A the wavelength of the input light. Here, 
the constant coefficients of the right sides have been om- 
mitted. The corresponding one-photon interference for 
the case of |0o,0i)=|O, 1) becomes 



# 5 (|0,1)) - 5(1 -cos. 



(8) 



From Eqs. @-(p), we see that both R 55 and -R45 will 
have the oscillation period A/2, while R 5 has the period 
A. This oscillation period A/2 for the two-photon count- 
ing rate i?55 is attributable to the photonic de Broglie 
wavelength \/N for the biphoton (N=2) state. Although 
i?45 will also have the oscillation period A/2, it is not at- 
tributable to the photonic de Broglie wavelength of the 
biphoton because in this case the two photons are split 
from each other by BS2. Furthermore, the oscillation 
period A/2 in R^ could be observed even for classical 
states, while that in R^ could not. In fact, for the co- 
herent input state |0, a), 



R 55 (\0,a)) = Rj 
# 45 (|0,a)) = # 4 # 5 



-(1 — COS( 



(1 + COS0)(1 — COS( 



■(1 - cos 20). 



(9) 



(10) 



Although the coherent state is classified as a classical 
state of light, the oscillation period of i?45(|o;,0)) be- 
comes A/2. Consequently, the oscillation period A/2 of 
-R45 does not necessarily originate from the quantum na- 
ture of light. On the other hand, in the classical treat- 
ment, i?55 should have the same period as i?5 since 
#55=#5 and i?5>0. Thus, the oscillation period A/2 of 
#55(|1, 1)) reflects the quantum nature of the input field 
and consistent with the photonic de Broglie wavelength 



FIG. 3: Coincidence-photon-counting rate detected at the 
two output ports of BS1 as a function of the optical path- 
length difference (ALi) between the two paths from KN and 
BS1 in Fig. |l[ Open circles indicate experimental data, and 
the solid curve is a fitted function that assumes the observed 
photons have a rectangular spectral shape. 
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FIG. 4: Interference patterns in the one-photon (upper) and 
two-photon (lower) counting rates at a path-length difference 
of around /an. 



of the biphoton. Hence, the intent of our experiment is 
to measure the interference pattern of R^(\l, 1)). 

Before observing the interference pattern of the M-Z 
interferometer, we measured the HOM interference to 
check the position of the zero path-length difference AZq 
and to ensure that the biphotons were generated at either 
arm of the interferometer. The observed HOM inter- 
ference, i.e., the coincidence counting rate between the 
two output ports (P2 and P3) of BS1 as a function of 
the optical path- length difference (ALi), is presented in 
Fig. H The visibility of the HOM interference was 0.97, 
guaranteeing that the photon pair was traveling together 
almost perfectly along either arm of the interferometer 
when ALi = 0. To our knowledge, this is one of the best 
visibilities ever obtained in a HOM interference experi- 
ment. After the measurement of the HOM interference, 
ALi was fixed at 0, where the coincidence rate was min- 
imized. Thus we prepared the entangled biphoton state 
(|l|) in our interferometer. 

Figure ^ shows the measured interference pattern for 
both one-photon (i? 5 (|0, 1)): upper graph) and two- 
photon (i? 55 (|l, 1)): lower graph) detection, as a func- 
tion of path-length difference (AL2) around AZv2~0 /im. 
Note that one of the input ports of the interferometer was 
blocked during measurement of the one-photon count- 
ing rate; otherwise, no interference was expected. For 
both one- and two-photon counting rates, clear interfer- 
ence fringes were observed. The fringe visibilities of the 
one- and two-photon interferences were 0.88 and 0.75, 
respectively. It can be seen in the figure that the one- 
photon interference has a period of approximately 860 
nm, whereas the period in the two-photon interference is 
approximately 430 nm. This result clearly indicates that 
the biphoton state exhibits the interference as a "wave" 
whose length is half that of the one-photon state. This 
is consistent with the prediction that the photonic de 
Broglie wavelength of the biphoton state would be A c /2. 
Thus, we have clearly measured the photonic de Broglie 
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FIG. 5: Interference patterns in the one-photon (upper) and 
two-photon (lower) counting rates at a path-length difference 
of around 400 fira. 



wavelength of the biphoton generated by SPDC. 

We have also observed the difference in the coherence 
length between the one- and two-photon counting rates, 
as demonstrated in Fig. [|. Although the interference os- 
cillation in the one-photon counting rate disappears at 
AL2^400 ^tm, the interference of the two-photon count- 
ing rate remains until the path-length difference is much 
larger, indicating that biphotons have much longer co- 
herence lengths than do single photons. Since the spon- 
taneous parametric down-converted photons have con- 
siderably wide spectral widths, the coherence length of 
the one-photon counting rate is governed by the spec- 
tral bandwidth A A of the interference filters placed in 
front of the detectors (See Fig. ^). Thus, the coher- 
ence length of the one-photon counting rate becomes very 
short (A^/AA ~ 70 /xm). On the other hand, the coher- 
ence length of the two-photon counting rate is governed 
by the spectral width of the sum frequency of signal (v s ) 
and idler (1^) photons. This sum frequency is identical to 
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the frequency of pump photons {2vq) of the SPDC. Since 
we used the second harmonic light of the single longitu- 
dinal mode continuous laser as a pump source, its coher- 
ence length is very long (c/Afo ~ 400 cm). As a result, a 
clear interference fringe was observed for the two-photon 
counting rate even at AL2^400 /im |l^], whereas almost 
no fringe was observed for the one-photon counting rate. 
This is the direct consequence of the frequency correla- 
tion: 



(11) 



between the constituent signal and idler photons of the 
biphoton. Therefore, the fringe interval and coherence 
length of the two-photon counting rate consistently indi- 
cate that the biphoton is associated with the photonic de 
Broglie wavelength: 
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(12) 



where the quantum correlation ( |ll| ) between the two pho- 
tons plays an important role. 

Thus far, a number of works concerning two-photon 
interference have used parametric down-converted pho- 
tons and cither Mach-Zchnder or Michelson interferome- 
ter n 

However, those previous experiments 
did not intend to observe the photonic de Broglie wave. 
Most of them |l3|, [H], [h| detected two split photons at 
each of the output ports of the interferometer. In our 
experiment, by detecting the two-photon counting rate 
at one of the output ports, we directly showed that the 
observed biphoton interference manifests the concept of 
the photonic de Broglie wavelength. It is also noteworthy 
that our result provides a direct proof-of-principle of the 



idea of quantum lithography |8| , where the reduced inter- 
fcrometric wavelength is utilized to improve the spatial 
resolution of optical imaging beyond the classical diffrac- 
tion limit. Finally, we note the relationship between our 
experiment and the non-local nature of the entangled 
photon pairs, i.e., biphotons, generated by parametric 
down-conversion or atomic cascade fluorescence. As pre- 
viously proposed 
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two- 



|17| and demonstrated p8| , 
photon quantum interference occurs for biphotons even 
using two spatially separated interferometers. With these 
results taken together, we can understand that the in- 
terferometric properties of the biphoton originate from 
its non-local quantum correlation in frequency between 
the constituent photons, but not from the spatial close- 
ness of the two photons. The concept of photonic de 
Broglie wavelength is not inconsistent with the standard 
quantum treatment of light; rather, it provides an intu- 
itive and essential way to understand the interferometric 
properties of the entangled multiphoton states. 

In conclusion, we have successfully measured the pho- 
tonic de Broglie wavelength of the biphotons generated 
by spontaneous parametric down-conversion utilizing a 
Mach-Zehnder interferometer. We showed that the na- 
ture of biphoton interference is governed essentially by 
the quantum correlation in frequency between the two 
constituent photons. Our results will encourage novel 
applications, such as quantum lithography, that utilize 
quantum- mechanical interference of entangled photons. 
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